Introduction the rise of sensory ecology V IRTUALLY ALL BEHAVIORAL decisions are based on information transmitted through sensory systems. During the past fifty years, numerous studies have successfully investigated the mechanistic bases of sensory systems using approaches from physiology, functional morphology, and neuroethology (e.g., Barlow and Mollon 1982; Smith 2000; Barth 2002; Greenfield 2002) . The increasing interest among biologists in matters concerning sensory information in nature has resulted in the emergence of sensory ecology-the study of how organisms acquire and respond to information about their environment (Ali 1978; Dusenbery 1992; Chittka and Thomson 2001) . Visual ecology (e.g., Lythgoe 1979; Partridge 1989; Endler 1992; Bowmaker et al. 1994; Archer et al. 1999; Briscoe and Chittka 2001; Browman and Hawryshyn 2001; Eckert and Zeil 2001; Hart 2001a; Théry and Casas 2002; Land and Nilson 2002; Cronin 2006; Zeil and Hemmi 2006; Rosenthal 2007 ) and chemical ecology (e.g., Sondheimer et al. 1970; Silverstein 1981; Bell and Cardé 1984; Pasteels et al. 1983; Hay and Fenical 1988; Duvall et al. 1986; Vet and Dicke 1992; Eisner and Meinwald 1995; Koehl et al. 2001; Cardé and Millar 2004; Romeo 2005; Müller-Schwarze 2006; Dicke and Takken 2006; Avilla et al. 2008; Witzgall et al. 2008) have played a central role in the development of sensory ecology into its own field of research. Other key examples of wellstudied sensory systems include echolocation in bats and dolphins (Thomas et al. 2002) , electroreception in fish (Bullock et al. 2005; Arnegard and Carlson 2005; Snyder et al. 2007) , hearing in frogs and insects (Wilczynski and Ryan 1988; Wiese and Gribakin 1992; Fullard and Yack 1993; Römer 1998; Stumpner and von Helversen 2001; Gerhardt and Huber 2002; Triblehorn and Yager 2005; Neuhofer et al. 2008) , mechanoreception in arthropods (Barth 2002; Suter 2003; Fields and Weissburg 2005; Triblehorn and Yager 2006) , and magnetic field reception in birds and rodents (Kimchi et al. 2004; Biro et al. 2007 ), all of which have been examined in an ecological context. Sensory ecology has grown rapidly over the past decade, in part because of rapid technological advances, such as high-speed cameras (Buskey and Hartline 2003; Dangles et al. 2007) , field portable spectrometers (Cronin and Shashar 2001; Smith et al. 2003; Johnsen 2007; Ryan 2007) , panoramic image devices (Zeil et al. 2003) , acoustic flight path tracking (Jones and Holderied 2007) , particle image velocimetry (Stacey et al. 2002; Casas et al. 2008) , mathematical simulations (Humphrey et al. 1993; Chittka 1996a; Magal et al. 2006) , and neural networks (Phelps 2007) . Sensory ecology has also been incorporated into diverse areas of biology such as conservation biology (Rabin et al. 2003; Slabbekoorn and Ripmeester 2008) and biomimetics (Peremans and Reijniers 2005; Krijnen et al. 2006) . the need to bridge sensory and evolutionary biology Sensory ecology has traditionally focused on the experimental and mechanistic study of the physiology and neuroethology of sensory organs. In the last two decades, the integration of ecological and evolutionary concepts into sensory ecology studies has been unequal among sensory modalities. The study of some sensory modalities, such as bird and fish vision or amphibian audition, has been guided by evolutionary biologists who have focused their interest on interactions between organisms and their conspecifics, food resources, and predators (e.g., Ryan 1990; Endler 1992; Kroodsma and Miller 1996; Gerhardt and Huber 2002; Baugh et al. 2008 ). Most of this research is concerned with the evolution of behavior, and it was performed by comparing sensory traits among populations or species living in different habitats (e.g., Endler et al. 2001; Cummings 2007) within the context of animal communication rather than sensory ecology, per se. This has resulted in the incorporation of sensory traits into several evolutionary theories, such as sexual selection and speciation (e.g., Ryan 1983; Ryan 1990; Endler 1992; Yokoyama and Yokoyama 1996; Endler and Basolo 1998; Boughman 2002; Siemers and Schnitzler 2004; Gerhardt 2005; Stuart-Fox et al. 2007 ). However, this approach has so far focused mainly on vision, audition, and echolocation in vertebrates, and the mechanisms involved in the evolution of these sensory processes are often poorly understood (see Fuller et al. 2005) . Research on other sensory modalities, such as invertebrate mechanoreception or olfaction, has been led by sensory physiologists who are mostly concerned with the mechanisms that enable an animal to produce and use signals in their environment (e.g., Barth and Schmid 2001) . Comparative sensory physiology has always stressed the diversity of sensory systems and how it relates to behavior and ecology (e.g., Land 1989; Hart 2001b; Manley et al. 2004; Lukowiak and Weeks 2008) , but the majority of these studies have remained rooted in studying how sensors function while directing less attention to the ecological and evolutionary meaning of sensory-trait variability and the role of sensors in nature (Hueter 1991; Chittka and Briscoe 2001; Bargmann 2006; Dangles et al. 2006b ).
Scientists working in sensory ecology should work towards the fusion of these physiological and evolutionary approaches by addressing how key gaps can be filled between existing knowledge in sensory physiology and evolutionary biology. We argue that, for many sensory modalities (e.g., mechanoreception in the vastly diverse group of invertebrates), there is a dearth of in-depth studies uniting sensory and evolutionary biology. In this paper, we will propose a more integrated perspective toward sensory ecology that focuses on the study of variability in sensory traits at different levels, and, in order to do so, we will stress three themes that represent areas for growth: variability among species (phylogenetic history), variability among individuals/populations, and variability among developmental stages (ontogenetic changes). Finally, we will advocate a combination of the experimental rigor that is essential to sensory physiology with a more populationbased view that welcomes sensory variation as the raw material for natural selection to operate upon.
Sensory Variability at Different
Levels variability between species Several studies have successfully used phylogenetic methods to study the evolution of sensory systems, investigating, for example, the phylogenetic position of sensory organs among clades-mainly above the family level-as well as the origin and evolution of particular sensory features inherent to each lineage, such as vision and olfaction (McFarland and Munz 1975; Chittka 1996b; Briscoe 1998; Oakley and Cunningham 2002; Spaethe and Briscoe 2004; Bowmaker and Hunt 2006; Plachetzki and Oakley 2007; Gustafsson et al. 2008) , acoustics (Lakes-Harlan et al. 1999; Ryan and Rand 1999; Wilczynski et al. 2001) , electroreception (Alves-Gomes 2001; Zakon 2008), and echolocation (Springer et al. 2001; Jones and Holderied 2007; Gardiner et al. 2008; Li et al. 2008) . However, our knowledge about how sensory systems have diverged in both form and functional properties at the species level remains fragmentary and, to date, is limited to a handful of studies that have investigated relationships between the evolutionary development of species and the efficiency of their communication signals (e.g., Parker et al. 1998; Prum and Torres 2003; Smith et al. 2004; Wickham et al. 2006; Cummings 2007; Douglas et al. 2007; Briscoe 2008; Lavoué et al. 2008; Yager and Svenson 2008) . Some of these studies have used phylogenetic methods to infer the ancestral sensory conditions of extant species and have then tested whether evolution has occurred in the predicted direction upon invasion of new habitats. For example, Cummings (2007) quantified the evolutionary direction of a sensory trade-off in a surfperch visual system by examining the direction of visual pigment divergence across extant taxa relative to the ancestral condition (Figure 1 ). Sensory bias was evaluated based on the ability of surfperch to detect a major foraging target (red algae) against background light. The divergence of estimated sensory perfor- 
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Volume 84 THE QUARTERLY REVIEW OF BIOLOGY mance relative to the ancestor was predicted by species-specific habitat characteristics: deeper dwelling surfperch in the California kelp forest habitat have diverged toward luminance-biased visual systems, whereas species occupying habitats with higher intensities and higher luminance variability have diverged to favor chromatic detection. This study supports the well-documented variation in the visual systems of aquatic species (Levene and McNichol 1979; Lythgoe 1984) . By contrast, in a phylogenetic study of Hymenopteran visual systems, Chittka (1996a) found relatively little variation in photoreceptor spectral sensitivity, with no obvious congruence between visual system properties and lifestyle. Other research has shown relatively high conservation of visual systems in spite of divergent lifestyles in other terrestrial groups, such as primates (Pichaud et al. 1999) , butterflies (Frentiu et al. 2007) , and spiders (Su et al. 2007 ). Evidence of both divergence and conservation in animal visual systems suggests that different habitats have yielded different patterns of divergence in vision. In particular, marine and freshwater systems with different light habitats are associated with large-scale divergence, whereas visual systems that have evolved in terrestrial environments are less diverse. Almong the same line, Devarakonda et al. (1996) and Humphrey et al. (2001) argued that the evolution of fluidmotion mechanoreceptors in arthropods may differ in aquatic and terrestrial habitats due to different physical constraints associated with fluid viscosity.
Phylogenetic approaches are powerful tools for researchers seeking to explore how different habitats have driven the evolution of sensory systems at the species level. In light of this, it is imperative that biologists tackle other important issues as well, such as the concept of specialization (see Irschick et al. 2005) . In some cases, the expansion of the number of sensory receptors should increase the repertoire of signals that species detect, allowing them to occupy new niches. In other cases, evolution might favor a reduction/specialization in the repertoire of sense organs, receptors, and associated components of signal transduction when they no longer provide a selective advantage. For example, cavefish possess only tiny rudimentary eyes, which in adults are deeply sunken below the body surface after a process of ontogenetic regression (Wilkens and Meyer 1992) . Retinas of deep-sea fishes frequently have reduced or lost the cone photoreceptors that are used for color vision in diurnal vertebrates (Warrant 2004) . In jumping spiders (Salticidae), the evolution of multiple eye pairs may have enabled frontal eyes to become specialized for the task of orientation and spatial resolution, therefore increasing prey discrimination (Dacke et al. 2003) . The selective advantage of having specialized versus generalized sensory systems remains a relatively unexplored field of sensory ecology (but see Bowmaker 1983; Morgan et al. 1992; Bernays and (A) Trade-offs in visual detection performance between luminance (i.e., brightness, in black) and chromatic (i.e., color, in green) detection across five dichromatic surfperch species occupying optically diverse habitats in the California kelp forest (see Cummings 2007 for more details on sensory bias estimation). Species that diverged from their ancestor in a direction that enhanced chromatic detection (H. caryi, M. aurora) also exhibited losses in the luminance channel, while species that gained in luminance detection (E. jacksoni, E. lateralis, and D. vacca) exhibited losses in chromatic detection. (B) Surfperch color patterns exhibit biases in detectability that match the visual detection bias of each species. For example, surfperch species with photoreceptor sensitivity favoring luminance detection (E. jacksoni, E. lateralis, and D. vacca) have color patterns with reflectance properties that have diverged to enhance the luminance channel. (C) A surfperch phylogenetic tree modified from Bernardi and Bucciarelli (1999) , with branch color indicating chromatic (green) or luminance (black) visual detection performance estimates. Surfperch male color pattern signal properties are mapped onto the extant tips of the tree and indicate reflectance property signal bias for chromatic (green, C) and luminance (black, L). (From Cummings 2007 ; reproduced with permission from Blackwell.) Wcislo 1994), and further research in this area is encouraged.
variability between individuals/populations
Comparative studies on population variability in phenotypes and the performance of sensory systems are attractive, as they can be directly related to mechanisms and patterns of the evolution of quantitative traits (see Arnold 1983; Endler et al. 2001; Raine et al. 2006 ). Many studies have pointed to the existence of intraspecific variation in the structure and/or performance of sensory systems-such as vertebrate vision (Lythgoe 1984; Archer et al. 1987; McDonald and Hawryshyn 1995; Fuller et al. 2003; Siddiqi et al 2004) , invertebrate vision (Cronin et al. 2002; Spaethe and Chittka 2003) , vertebrate acoustics (Kroodsma and Miller 1996; McClelland et al. 1998; Boul and Ryan 2004) , insect acoustics (von Helversen et al. 2004 ), insect chemoreception (Löfstedt et al. 1985; Hansson et al. 1990; Chapman and Lee 1991; Anderbrant et al. 2000; Opstad et al. 2004) , and bat echolocation (Guillén et al. 2000; Kingston and Rossiter 2004 )-of populations living in different environments. With regard to vision specifically, the role of ecological divergence among populations has been highlighted over the last decade through Endler's (1992) sensory drive hypothesis. In many taxa (e.g., fish, birds, lizards), vision is intimately involved with mate recognition systems, and therefore potentially under strong selection pressure (Endler and Basolo 1998; Endler et al. 2001; Boughman 2002; Cummings 2007 , Seehausen et al. 2008 . This is also true for olfaction in many insects (e.g., Wyatt 2003) . Assuming that easily detectable signals are likely to be favored by natural selection, the sensory drive hypothesis stipulates that when populations occupy new habitats in which the visual environment is different from their original environment, natural selection favors phenotypic change in the signal to maximize the effectiveness of communication, both intra-and interspecifically (Endler 1992) . Endler et al. (2001) performed artificial selection experiments on the color sensitivity of the visual systems in four laboratory populations of guppies (Poecilia reticulata). They found a significant response to selection in all four selected populations, as well as significant heritability for color sensitivity, thus showing that the occupation of different visual environments leads to diversity in vision, which might, in turn, lead to divergence in visual signals.
The influence of the sensory drive hypothesis on animal sensory performance is likely to be important outside the context of mate choice, especially in regard to such activities as the detection of predators or the procurement of food, but this line of research has barely been explored (but see Dicke and Grostal 2001 for the chemical detection of natural enemies by arthropods; Neuweiler 1989 for the role of hearing in bat foraging ecology; Dominy et al. 2001 and Regan et al. 2001 for the perception of visible light by primates to assess the edibility of food items). Dangles et al. (2005) quantified the natural phenotypic variation in structure and performance of the air-flow sensing cercal system in five cricket populations from diverse habitats and predator communities. These cricket populations differed markedly from one another, such as in the total number of air-flow sensitive hairs and in the number of hairs longer than 1000 m-the hairs most sensitive for the perception of predatory air flow signals. These phenotypic differences translated into differences in sensory performance: the most sensitive cricket population could perceive an approaching flying predator at a 20% greater distance than the less sensitive populations. As a possible explanation, the influence of habitat structure on air flow signal transmission (see Bradbury and Vehrencamp 1998; Roemer 1998) or the inducible response of insects to predation pressure (e.g., Weisser et al. 1999 ) may act on cricket populations that often show high degrees of reproductive isolation (Mousseau and Roff 1989) . Sensory differences among populations can also lead to differences in how animals access food. Chittka et al. (2004) found that eight different populations of bumblebees from continental and Mediterranean Europe differ in a variety of behavioral traits, with no apparent relation to differences in the environment ( Figure  2) . One of the traits they investigated was the innate flower color preference of worker bees, as it is easily quantifiable in laboratory-raised individuals. Other studies had found adaptive differences among species as well as colonies. For instance, Raine et al. (2006) observed that the nectar-robbing visitor of hummingbird flowers, Bombus occidentalis, has an innate red preference that is not shared by any other species, and Raine and Chittka (2007) observed that colonies with a stronger preference for violet flowers foraged more efficiently. While a comparison between populations-including several from islands-revealed overall similarities in color preference (i.e., all populations prefer colors in the violet to blue range), there was also significant variation between populations (e.g., members of the Sardinian and Tenerife populations showed a secondary preference for the color red ) and subtle between-population variation in receptor tuning (Skorupski et al. 2007 ). However, this variation was apparently not related to differences in the "flower markets" in which these populations occurred. The authors considered several alternatives-for example, the possibility that food color preference is pleiotropically linked to mating preference (e.g., Smith et al. 2004 )-but none of them provided convincing explanations. They therefore concluded that genetic drift processes, especially on islands, might have produced the observed between-population differences.
Understanding why variability in perceptual capabilities exists could be important for predicting ecological outcomes of optimal foraging theory; any delay in recognition of a danger or food resource and the perception of its energetic costs or values is likely to influence optimal decisions by foraging individuals (Smith et al. 2003; Weissburg 2005; Raine and Chittka 2007) . For example, flower color appears to be correlated with energetic value, so that local variation in flower traits could drive selection for innate color biases in foraging bees (Raine and Chittka 2007) . Raine and Chittka (2007) found that the colony with the strongest bias for violet-the flower color associated with the highest nectar production rates-brought in 41% more nectar than the colony with the weakest bias, implying that differences in foraging behavior are adaptive. The association between flower color and nectar profitability-specifically UV-blue flowers and high nectar contents-has been shown across years (Raine et al. 2006; Raine and Chittka 2007) as well as across several habitats (Giurfa et al. 1995; Chittka et al. 2004) . As a result, the selective pressure favoring a UVblue preference appears to be strong but is limited, perhaps, by frequency-dependent selection, especially when a strong color bias by too many colonies will cause an over-exploitation of flowers with that color, thereby giving an advantage to colonies with alternative preferences (Raine and Chittka 2007) . Because foraging and feeding strategies are likely to be driving forces in the evolution of many sensory systems, we need more studies integrating sensory and behavioral approaches to test these issues. At the interface of these two disciplines lies a promising avenue of research by which scientists will be able to quantify how levels of variation in sensory traits influence the performance of foraging animals and, subsequently, their overall fitness (see also Goerlitz and Siemers 2007; Greiner et al. 2007; Melin et al. 2007 Melin et al. , 2008 Vogel et al. 2007) . variability between developmental stages Ontogenetic studies may be useful in furthering our understanding of the evolutionary forces acting on sensory systems. Key ecological processes, such as resource use and predation risk, generally change with body size, and species, therefore, require commensurate adjustment of their sensory equipment as they grow (Werner and Gilliam 1984; Beaudet and Hawryshyn 1999; Jones 1999; Savchenko et al. 2001; Heming 2003 ). Several authors have tested the hypothesis that the timing and priority of changes in sensory system properties throughout development is linked to functional demands and ecological requirements (see Jaeger and Hailman 1976) . For example, an ontogenetic shift in the spectral sensitivity and polarization of cone photoreceptors in juvenile teleost fish is associated with changes in either habitat or diet (Shand et al. 1988; Hawryshyn et al. 1990; Wood et al. 1992; Novales Flamarique 2000; Job and Shand 2001; Shand et al. 2008) . Shand et al. (2008) showed that the black bream (Acanthopagrus butcheri) was able to respond to changes in environmental light by altering the opsin expression in its long wavelength-sensitive receptors, both during growth and in mature animals reared under laboratory conditions or caught in the wild (Figure 3) . In crickets, the ontogeny of the air-flow sensory cercal structure is likely related to predation pressures. Not only does the sensitivity of the cercal system to sinusoidal signals increase as a result of the appearance of new air-flow sensitive hairs, but the value of the "best" tuned frequency also remains fixed between 150 and 180 Hz after the second life stage (Dangles et al. 2006c ). These frequencies nicely match those emitted by natural flying predators, thus suggesting that the development of the cercal array of hairs may have evolved in response to such signals.
Although sensory variation among juveniles is frequently ignored, we believe that sensory ecologists should invest more energy in studying these systems (see also Adams and Pedersen 2000 for echolocation; Dangles et al. 2006b for flow sensing). Indeed, the impact of selection upon developmental variation is an important mechanism that produces phenotypic variation among adults, and selective pressures are likely to be greatest during early lifehistory stages, as, in many species, predation more strongly affects young individuals (McNamara 1997). It would also be interesting to study variation in the developmental rate of sensory systems as a function of ecological pressures (e.g., predation, habitat characteristics) experienced by organisms. Whereas few species possess a fully operational sensory system during their early life stages (e.g., electroreception in mormyrid fishes [Denizot et al. 1998 ], mechanoreception in crickets [Dangles et al. 2006c] ), most have rudimentary sensory capabilities at birth that require substantial development (e.g., audition in mammals [Rubel 1984 ], vision in fish [Higgs and Fuiman 1996] , audition in insects [LakesHarlan and Strau␤ 2006] ). Functional requirements during the development of early life stages may act as constraints for the evolution of adult organs, and this remains an exciting but poorly explored field of sensory ecology (for an explicit discussion of the auditory system of cicadas, see Lakes-Harlan and Strau␤ 2006).
Future Challenges taking the lab to the field
The need to quantify sensory performance of organisms in nature presents a major challenge for sensory ecologists. Fortunately, the last decade has witnessed an explosion of mobile and wireless technology that enables researchers to literally take the "laboratory into the field," and some sensory ecology research has already felt the advantage of these technological changes (e.g., vision research [Fleishman et al. 1998 [Barth et al. 1995; Dangles et al. 2007] ). This potential distinc- Frequency of eye cone classes were measured at different developmental stages in wild-caught black bream (Acanthopagrus butcheri) reared under two different lighting conditions. The first lighting condition was "standard," consisting of broad spectrum fluorescent lighting with an intensity at approximately 70 ⌭/cm Ϫ2 , 400 -700 nm. The second lighting condition was produced through the use of a yellow acetate filter, thereby providing a reduced transmission of short wavelengths (short wavelength-reduced lighting is typical in estuarine conditions). Data from all four stages for fish reared under standard conditions are shown. No data were available for wildcaught larval fish or for adult yellow filter fish. (From Shand et al. 2008 ; reproduced with permission of the Company of Biologists.) tion between field and laboratory performance is not a trivial issue for sensory biologists, because many animals are difficult to study in natural settings while maintaining suitable experimental control. Animals often exhibit fundamentally different behaviors in the field compared to standardized laboratory environments. For example, laboratory studies on locomotion assume that the level of performance expressed under "optimal" conditions accurately reflects the level of performance used in nature, but this assumption is not always borne out (Irschick and Garland 2001; Irschick 2003) .
More than twenty years ago, Römer's pioneering field work on cricket acoustic communication emphasized the importance of studying animals under natural stimulus conditions in order to properly investigate sensory system performance (Rheinlaender and Römer 1986; Römer and Bailey 1986; Römer and Lewald 1992) . In particular, this research showed that the loss of sound signals outdoors, especially when insects call within stands of vegetation, has forced insects to compensate by adapting specific behaviors such as redundancy calls or chorusing. More recently, Dangles et al. (2007) used a portable simulator of spider air-flow signals to measure the sensory-mediated escape performance of crickets under field conditions ( Figure 4A, B) . This experiment revealed that both the behavior and performance of evading crickets in nature, as well as the sensory pathways involved in such escape behavior, differ in several ways from observed laboratory performance. A majority of crickets escaped running predators only after physical contact, and not by using their winddetection system as generally assumed in the literature (Figure 4C, D) . Besides providing for the crucial role of cercal touch perception during cricket escapes, these results reinforced the importance of considering the issue of multimodality in sensory ecology studies based upon the fact that many animals use a hierarchy of cues (e.g., visual, odour, touch) to establish risk, and these cues may change over time, as animals learn to ignore irrelevant stimuli (e.g., Bell 1990; Hern et al. 1996; Dukas 1998; Rowe and Guilford 1999; Cronin 2005; Conover 2007; Catania et al. 2008) .
Engaging in sensory ecology fieldwork also forces us to devote our attention to so-called "background noise" in natural environments, as detection thresholds may often be so low that they are within the range of natural noise. Sensory processing in animals is shaped by the ubiquitous presence of background noise, requiring the separation of signal from noise (Dusenbery 1992). As a further step, the concept of stochastic resonance deals with the use of noise to increase the sensitivity of sensory systems (Osipov et al. 2007 ). For example, electrosensitive paddlefishes use stochastic resonance for homing in on Daphnia prey (Russell et al. 1999) . Thus, the popular view of a passive external world in which organisms can easily sense one another is a simplification of a more complex reality. Field studies of both the intrinsic qualities of background noise and its interaction with organisms are therefore highly necessary. For instance, mate selection through vision or hearing in the "noisy" field environment may be quite different from that which occurs within quieter and more controlled laboratory settings (Gerhardt and Huber 2002) . For animals sensing in the active mode, interference from conspecifics is reduced by rapid attenuation of the signals, spacing between conspecifics, and individual differences in the emitted signals that serve to avoid interference when in close proximity (the jamming avoidance response) (see Heiligenberg 1991) . However, this background noise may present a problem for animals using active sensing systems, such as electrolocation or echolocation, as these systems may experience jamming from the signals of neighboring conspecifics. Most species of weakly electric fishes show a jamming avoidance response, achieved by adjusting the discharges of individuals, thus emphasizing differences between emissions in response to the signals of neighbors. For all of these reasons, we need more information on sensorymediated behavior (e.g., mate choice, predation) that takes into account both natural abiotic and biotic environmental conditions. investigating both viewpoints:
sender and receiver Because sensory systems are crucial for many interspecific interactions, the evolution of these systems and their variability in performance should be considered in a co-evolutionary context (see Searcy and Nowicki 2005; Bargmann 2006 ). Since a complete understanding of sensory ecology needs to take into consideration the sensory responses of potential prey, predators, and conspecifics, it is useful for sensory ecologists to establish differences among sensory signals when the interests of the two partners overlap, diverge, or oppose (Searcy and Nowicki 2005) .
In the case of converging interests, Chittka and Menzel (1992) quantified the evolutionary "tuning" between floral coloration and the color vision of flower-visiting Hymenoptera by evaluating the information transfer from the signaling flower to the perceiving pollinator. The analysis of 180 reflection spectra of angiosperm blossoms revealed that sharp contrasts occur precisely at those wavelengths at which pollinators are most sensitive to spectral differences. Based on evolutionary theory (see Fordyce 2006) , we can predict that adaptive evolution of sensory system phenotypes in response to recognition of food is favored when individuals within a population interact with a small array of signals. In case of opposing interests, such as predator-prey interactions, sensory systems have likely evolved in an environment presenting dynamic evolutionary interactions (e.g., an evolutionary arms race; see Endler 1991 for an explicit discussion). A classic example of the co-evolution of prey and predators within a sensory ecology context is the interaction between insectivorous bats and Arctiid moths (Roeder and Treat 1957; Fullard 1987; Hoy 1992; Miller and Surlykke 2001) . While bats emit highintensity ultrasonic pulses and use echoes to locate and track flying prey, some Arctiid moths can direct ultrasonic clicks back at the echolocating bat. The function of these clicks remains unclear; they may serve either to warn the bat that the moth is distasteful (Spangler 1988) or to jam its echolocating system (Fullard et al. 1979) , or perhaps both (Ratcliffe and Fullard 2005) . In more general terms, the remarkable diversity in insect ears suggests that predator-prey interactions between bats and insects have played a key role in the evolution of insect auditory systems (Hoy and Robert 1996) . Further studies incorporating bat acoustics and moth palatability and acoustics in a phylogenetic framework would be useful for refining evolutionary hypotheses in the moth-insect system (Barber and Conner 2006) .
Much remains to be learned about the manner in which other sensory systems have co-evolved, and equal attention to both partners in sensory co-evolution is essential. By integrating the sensory ecology of both predator and prey, Dangles et al. (2006a) and Casas et al. (2008) have shown that the hunting strategies of wolf spiders are constrained by the air displacements these predators generate when running towards cricket prey. These authors argued that studying the role of signals produced by predators and perceived by prey sheds light on our understanding of foraging strategies typically studied in terms of energetics, biomechanics, or escape success rates (Casas et al. 2008) . Understanding the sensory interplay between interacting species may also provide insights on broad patterns of sensory system evolution (see Robert et al. 1992 on the evolution of hearing in a parasitoid fly and its host). In this context, the asymmetry of predator-prey interactions may have important consequences for the evolution of sensory system performance. For example, viscous coupling between air-flow sensory hairs may be undesirable for predators (e.g., spiders) in the detection of their prey but desirable for prey (e.g., cockroaches) in the detection of their predators (Humphrey and Barth 2008) . Whereas predators might need independent information from many hairs for proper target localization, prey might need to have many hairs moving simultaneously to trigger an efficient escape. Similarly, predator eyes are often adapted for high performance in specific directions, whereas prey visual systems seem better designed for detecting the presence of predators at almost any location (see Cronin 2005; Siemers and Güt-tinger 2006) . The importance of asymmetry in the characteristics of sensory modalities used by interacting species therefore constitutes a promising field of research for sensory ecologists.
investigating the adaptive nature of sensory systems
Because sensory systems are not necessarily fixed entities, plasticity in these systems enables individuals to adapt to different environments (see Fleishman et al. 1997; Wilczynski and Ryan 1999; Boughman 2002; Leal and Fleishman 2002; Linkenhoker and Knudsen 2002; Doberfull et al. 2005) . For example, in the mantis shrimp (Haptosquilla trispinosa), which occupies a range of depths in the ocean, the maximum spectral sensitivity of long-wavelength photoreceptors is adjusted by individuals to the local light environment, indicating a significant degree of plasticity in tailoring their visual systems to different habitats . As pointed out earlier, many sensory systems are not fully developed at birth, and organisms have the capacity to make adjustments in neural connection patterns depending on environmental conditions. In the case of the mantis shrimp, have experimentally demonstrated that the occurrence of different filter sets in adult populations was influenced by light conditions during development. In an evolutionary context, Frederiksen and Warrant (2008) have argued that the visual systems of invertebrates seem sufficiently flexible so as to evolve to be matched and optimized for a particular intensity window. At a species level, the spectral tuning of vertebrate visual pigments is also generally considered to be adaptive (Archer et al. 1999) . Because environmental conditions are frequently highly variable, it is likely that developmental stages, populations, and species will exhibit a high level of plasticity in a wide variety of sensory modalities, but further study will determine the generality of this hypothesis.
The magnitude of plasticity in sensory systems has important evolutionary implications, as plastic sensory systems may facilitate fluctuating selection and reduce the potential for divergence among populations (Lande 1981) . We believe that sensory ecologists should devote more effort toward investigating the adaptive nature of sensory systems in populations living in different environments. This would inject new energy into our understanding of both the relative amounts of genetic and/or environmental variation in sensory system properties (see Fuller et al. 2005; Lavagnino et al. 2008) as well as the occurrence of individual adaptation, or short-term physiological receptor adaptation. To achieve these goals, sensory ecologists can borrow tools Field Conditions A drawing (A) and photograph (B) of the portable equipment used to measure the flow-mediated escape performance of freely behaving wood crickets (Nemobius sylvestris) taken from wild populations, under the natural conditions (i.e., leaf litter substrate, slow breeze, natural acoustic environment, temperature and humidity conditions) of a European oak forest. The use of a halogen lamp, which was necessary for our high-speed camera recordings, supplied an artificial light environment. To simulate a spider attack, a "spider operator" used an original device activated by the displacement of an actuator-triggered "piston" (A, part A) (see Dangles et al. 2006b ) and controlled by a portable computer (A, part B) . The use of the piston in the field was facilitated by a 1.5 m wire (A, part C) that ran between the actuator and the tip of the piston. Cricket escape behavior was recorded using a high-speed digital video camera (A, part D) with a frame rate of 1000 frames per second and resolution of 1280 ϫ 512 pixels. The camera was mounted on a ramp (A, part E) fixed on the rotating head of a stable tripod 0.5 m above the ground (A, part F). A red laser pointer (A, part G) was focused on the cricket body and enabled us to center the cricket in the cameraЈs field of vision. The ground was illuminated by a halogen lamp (A, part H), and the video acquisition was controlled using a laptop (A, part I). (C) Escape distances normalized to total body length of wood crickets for three different instars-juvenile I (Juv. 1), juvenile II (Juv. 2), and adults (Ad.)-at three piston velocities (40 mm/s, 150 mm/s and 300 mm/s). Numbers indicate two or three crickets escaping at similar distance values. Data for air-evoked escapes are presented in the top row of graphs, and data for touch-evoked escapes are presented in the bottom row. Note that the range of values displayed in the touch-evoked graphs is of a lower magnitude than the range displayed in the air-evoked graphs. (D) The tip of the cricket's cerci lines up with the x-axis. An escape distance of zero corresponds to the tip of the cerci being touched by the piston. Bold arrows represent the direction of piston movement. Positive and negative values of escape distances correspond to air-and touch-evoked responses, respectively. (Figure from Dangles et al. 2007 ; reproduced with permission of the Company of Biologists.) from evolutionary biologists, such as reciprocal transplant experiments, in which individuals from populations from two or more environments are each introduced into the other's environment(s) (e.g., Reznick et al. 1990; Endler et al. 2001; Chittka et al. 2004 ). This would allow scientists to compare the sensory performance of native organisms with those arising from populations operating in different environments, and to thereby determine whether variation is attributable to genetics, environment, or the interaction between them (see Fuller et al. 2005; Raine et al. 2006) . Preferably, the potential adaptation in sensory performance within relevant temporal and spatial scales for species should be studied (e.g., Cronin and Shashar 2001; Fuller et al. 2003; Beckers and Schul 2008) , as environmental factors in both natural and disturbed ecosystems are often stochastic.
sensory ecology in a changing world Recent reviews have stressed that, in the context of a dramatically changing world, rapid evolution may become a hallmark of the 21st century (Carroll et al. 2007 ). At first glance, sensory biologists may think that such changes are unlikely to affect their study organisms, yet we argue that this is far from true (see also Endler 1997; Rabin et al. 2003; Lim et al. 2008) . In order to survive, animal populations may have to undergo morphological and functional adaptations to cope with rapidly changing conditions, and sensory systems may be a key source of increasing variability. We argue that understanding sensory mechanisms maybe a useful starting point for a variety of practical ecological applications (see Weissburg 2005) , and we provide some examples of these as follows.
One of the most dramatic examples of human impact on species sensory ecology may be the case of sympatric Cichlid fish species in the Great Lakes of Africa. Increases in water turbidity due to eutrophication threaten the reproductive isolation of these species, which is usually maintained via mate choice based on the bright species-specific coloration of males (Seehausen et al. 1997; Salzburger et al. 2006 ).
In Lake Victoria, light quality has declined to the point where female choice is compromised as a result of changes in the spectral composition of male nuptial coloration. Males are becoming increasingly dullcolored, and species diversity in areas of recent eutrophication is more related to light availability than to any other anthropogenic stressor. More generally, any change in illumination and turbidity is of serious concern in many aquatic environments (including coral reefs) and has potential consequences for vision-mediated activities such as predation or mating (Johnsen 2005) . Light pollution also affects the sensory ecology of terrestrial species, with consequences for foraging, reproduction, migration, and communication (see Longcore and Rich 2004) . Some of the first selection experiments ever conducted were performed on Drosophila phototaxis (del Solar 1966), and these showed strong genetic effects in relatively few generations, thus indicating that there might be a genetic scope for coping with light pollution.
Sensory modalities other than vision, such as olfaction or audition, may be affected in ecosystems where natural physical properties are modified by human activities. Fish olfaction, for example, is altered by water chemical pollution (e.g., Bertmar 1982; Hansen et al. 1999) , with potential impacts on natural water discrimination along chemical gradients, such as salinity or home stream odor (Hubbard et al. 2000) , or social recognition (Ward et al. 2008) . There is also concern that increasing noise levels in the oceans (produced by sonars and shipping, for example) confuse the acoustic signals that cetaceans and other aquatic organisms use to navigate, communicate, and locate food (e.g., Richardson et al. 1998; Frantzis 1998; Doak et al. 2007 ). Ross (1987) has estimated that increases in ship traffic over the past fifty years have led to a 15 dB increase in ambient noise levels in the low-frequency bands used by many marine mammals. Although our knowledge on lethal and sublethal effects of anthropogenic sound on animals in the wild remains poor (Gisiner 1998) , it is likely that increasingly noisy habitats will have significant effects on both terrestrial and aquatic organisms (Klump 1996; Rabin and Greene 2002; Sun and Narins 2005; Schaub et al. 2008) . Animals have the ability to discriminate among various types of natural background noise (both auditory [Brumm and Slabbekoorn 2005] and visual [Ord et al. 2007] ), but the ecological and evolutionary adaptations of populations and species living in increasingly noisy habitats remain poorly known (see Slabbekoorn and Ripmeester 2008 for a discussion on the effects of anthropogenic noise on birdsong) and constitute a promising area of research for both sensory and conservation ecologists.
Conclusion
In this review, we have attempted to demonstrate that sensory systems are not only amenable to an integrative approach at different levels of variability, but also that this integrative approach is crucial for advancing the field of sensory ecology. The complementary nature of studies on the variation in structure and function of sensory systems allows a more complete understanding of the sensory-mediated interactions that occur between organisms and the evolutionary forces acting upon them. Many taxonomic groups present spectacular diversity in the arrangement, number, or size of their sensory structures, but the causes and consequences of this variation remain largely unexplored. The investigation of variation in the performance of sensory systems among species, populations, and developmental stages, especially under natural conditions, represents a promising field of research that may serve not only to refine our understanding of the past evolution of sensory systems, but also to predict how animal behavior and sensory capabilities will continue to adapt to a changing world.
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